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I. INTRODUCTION
Gold coated silicon cantilevers with microscale and, more recently, nanoscale dimensions enable important applications in scanning probe microscopy and force spectroscopy. Relentless efforts are underway to shed light on the limits of submicron range resonators. [1] [2] [3] [4] Hence, our understanding is broadened not only about the nature of the resonating medium but also of new pathways to obtain more accurate and wider range of information from electromechanical systems. 5, 6 The need for higher composition resolution (minimum detectable mass) and sensitivity (maximum frequency shift for a given mass change) down to the molecular level is a dominant driving force strongly pushing towards nanoelectromechanical systems. The general approach for higher sensitivity is to reduce the inertial mass of the resonator. This results in extremely high frequencies up to microwaves, 7 while preserving high mechanical response with high quality (Q) factors, Q $ 10 3 -10 5 , 1,7 active masses of picograms ($10 À12 g), 8 ultralow heat capacities ($10 À18 cal), 9 etc., Different sensor geometries and materials were also used in mass sensing technologies. 10, 11 Despite enormous progress so far, a central theme of fundamental and applied research in micro/nano-resonators is the achievement of high Q-factor, which is associated with energy dissipation. It is defined as the ratio of the stored energy E stor to the dissipated energy E dis (within an oscillation cycle) as Q ¼ 2pðE stor =E dis Þ. The larger the value of Q-factor, the higher the sensitivity of the resonance system is to external perturbations. The Q-factor determines also the level of fluctuations that degrades the spectral purity of a resonance (linewidth broadening) and determines the minimum intrinsic power with which the device can operate. 7 The total Q-factor of a resonator can be approximated by the relation Q À1 ¼ P j Q À1 j where the index j denotes intrinsic and extrinsic energy loss mechanisms. 12 There are several theoretical and experimental studies that investigated the fundamentals of energy dissipation of microdevices. [13] [14] [15] [16] According to the degree of surrounding gas rarefaction, three main gas pressure regimes (P) are identified: molecular regime, transition regime, and continuum regime. 17 The rarefaction regimes for high frequency oscillatory flow of MEMS can be better characterized using the Weissenberg number Wi xs. x is the radial frequency, s ¼ l=P ðs % 246 lsPa=PÞ is the relaxation time of the surrounding fluid, l the dynamic viscosity, and the P is the pressure. [18] [19] [20] When the xs ( 1 the Newtonian approach of the Navier-Stokes approximation is valid in the continuum regime. Earlier studies elucidated the hydrodynamic loading by a frequency response model of a cantilever beam immersed in viscous fluid. 21 In the continuum regime, the interactions between the oscillating surface and the fluid molecules are characterized by the penetration depth k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2l=xq fl p (with q fl of the surrounding fluid). 13, 18, 20 The transition regime, which is defined as the deviation of flow from the Newtonian, is well approximated with the xs % 1. When xs > 1 the Newtonian approximation is no longer valid. When the mean free path L mph ¼ 0:23K B T=Pd 2 , for a dilute gas of pressure P assuming the molecules as hard spheres of diameter d (%3:6Â10 À10 mÞ, is much larger than the resonator beam width w (w < 0:1L with L the resonator length), and xs ! 1 the intermolecular collisions are effective and this is the molecular regime. [18] [19] [20] However, so far, experimental studies of the energy dissipation and the frequency response of metal coated microresonators with systematic surface modifications have remained unexplored. Hence, we study here the influence of surface modification of gold coated (350 nm thick) microcantilevers, which are widely used in scanning probe technology. For this purpose, different length microcantilevers but with similar widths (%30 lm) and thicknesses (%2 lm) (see for details Tables I and II) were modified by focused ion beam (FIB) along different etching directions as it is shown in Fig. 1 . The patterns of the surface modifications were carefully chosen so that their influence on the Q-factor and a)
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II. THEORY MODELS FOR THE QUALITY FACTOR
In high vacuum (e.g., P < 10 Pa), where the characteristic length w is much greater than the molecular mean free path, L mph ) w ðxs ) 1Þ, the energy losses are intrinsic and the Q (¼ Q int ) factor is given by
where Q TED , Q clamp , and Q Surface denote the quality factors due to thermoelastic damping, clamping, and surface losses, respectively. 3, 4, 22, 23 The quality factors Q TED and Q clamp are not strongly influenced by surface modifications of small thickness t mod ( t with t the thickness of the cantilever. The condition t mod ( t is satisfied since in our case, as Fig. 1 shows, t mod $ 60 nm, while (see Table II ) the thickness of the cantilevers is t $ 2 lm yielding thus t mod =t $ 0:03 ð( 1Þ. Energy losses due to clamping occur because of the strain at the connection area with the support base. For cantilevers with semi-infinite base or the wavelength of the shear wave in the beam is much less than the base thickness t b ð% 300 lm in our case), the Q-factor is given by 23
Moreover, the Q TED due to thermoelastic dissipation (associated with thermal currents generated by vibratory volume changes in elastic media with non-zero thermal-expansion coefficient) is given by 24
E is the Young's modulus, a T is the thermal expansion coefficient, C p is the specific heat at constant pressure, T is the system temperature, q is the material density of the cantilever, and f ¼ t
where j the thermal conductivity of the cantilever. 24 Finally, we consider the surface losses to originate from a thin surface layer of complex modulus E sl due to the disruption of the atomic lattice by a thin layer of surface contamination. 4, 24 Although this layer does not influence drastically the energy stored in the cantilever, it can enhance energy dissipation and Q Surface is given by 4
with d the thickness of the surface layer and E sl ¼ Im½E s . 4, 24 For extrinsic dissipation in medium-vacuum (e.g., 10 1 Pa < P < 10 3 Pa), we are within the molecular regime where L mph > w (or xs > 1). The quality factor is given by 7, 18, 19 
M ef f is the effective resonating mass of the cantilever, and x o is the angular resonance frequency in vacuum. S total;1 is the corresponding surface area of the resonator, and The scaling exponent "c" in the continuum regime. t ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi k B T=m r p is the thermal velocity of impinging molecules of mass m r at absolute temperature T. In the molecular regime the quality factor scales with gas pressure P as Q / 1=P, 7, 18, 19 while it changes to Q / 1=P 0:5 in the continuum regime (see, e.g., Fig. 2 ). 25 With further increment of the pressure the surrounding gas acts as a viscous fluid (xs 1). The microcantilevers, having a plate-like shape immersed in fluid can be dominated by dissipation due to: acoustic radiation, squeeze-film, and viscous losses. Squeeze film loss can be significant when there is a narrow gap between a vibrating and a stationary element, 26, 27 which is not relevant in our case. In any case, the quality factor due to dominant viscous losses is given by [28] [29] [30] 
KðReÞ ¼ aRe À0:7 is a dimensionless hydrodynamic function (a is a constant coefficient specific for each type of cantilever), Re ¼ ðqw 2 x 0 Þ=4l is the Reynolds number, k d is the dynamic spring constant, and q ¼ PM m =RT is the density of the ideal gas with R the gas constant and M m the gas molar mass, and x R is the resonance frequency at the measured pressure. 30 S Total;2 is the surface area of the cantilever associated with the Q Fluid in the dense regime.
III. EXPERIMENTAL PROCEDURE
Noise measurements were performed (see supplementary material for a typical noise spectrum in Fig. 1S ) [31] [32] [33] [34] to determine the Q-factor as a function of vacuum pressure P for as received and surface modified cantilevers as it is shown in Figs. 1, 2, and 4 . The experiments were conducted for cantilevers with two different lengths, denoted as A and B (Fig. 1(h) ). They were modified using FIB in various etching directions: x and y are the coordinate notations of the cantilever's surface plane ( Fig. 1(h) ). Etching in the y-direction (along the length of the cantilever, Fig. 1(d) ) is denoted as (1) , etching in the x-direction (along the width of the cantilever, Fig. 1(e) ) is denoted as (2) , and etching at 630 angles with respect to the y-direction, Fig. 1(f) ), is denoted as (3) . All grooves are ffi 2 lm apart from each other, while the etching depth is ffi 60 nm (insets of Figs.  1(a)-1(c) ). In addition, the dimensions of each cantilever were confirmed using a scanning electron microscope (SEM: Figs. 1(d)-1(f) ). This is important for the comparison of the effective surface area S Total;ið¼1;2Þ , obtained from the fittings of the Q vs. P data in different pressure regimes (corresponding to different dissipating mechanisms) with the geometric value S Total . The latter is obtained using AFM morphology data as input into the expression 35
with q rms the average local surface slope.
IV. RESULTS AND DISCUSSION
From the Q vs. P plots in Fig. 2 , the free molecular (saturated) regime yields Q int allowing thus calculation of Q Surface (after subtraction of Q TED and Q clamp obtained via Eqs. (2) and (3)) via Eq. (4). Indeed, calculations of Q vs. P are shown in Fig. 2 for different values of dE sl .Subsequently, using the value of dE sl that matches the Q-factor data, the product dE sl is estimated via Eq. (4) to have an average value dE sl % 14MPa Á m for the unmodified cantilevers (cantilevers A and B in Table I ). The latter implies that E sl is significantly smaller than the Young modulus E ($130-180 GPa for Si) of the resonating medium. Moreover, multi-directional surface modification for this regime allows the investigation of the influence of anisotropic surface structures and also possible residual stress release that is built within the metal coating of the cantilevers.
Furthermore, it is important to analyze our results according to gas rarefaction. Hence, we start with some important outcomes of the intrinsic dissipation regime (P 10 Pa) where Q % Q int . The calculation of the removed mass during surface modification, both using the simple assumption of the frequency shift due to mass change Dm % 2mðDf=fÞ (Dm is the mass removed, and m is the total mass) and the calculations by geometrical means, show that for type-(1) and type-(2) surface modifications the amount of removed mass was %1:5% of the total mass (see also Table II ). The influence of the removed mass on the Q-factor for both cantilevers A and B with type-(1) surface modification is within the standard $10% measurement error as depicted in Figs. 2 and 3 . We have further analyzed the mass removal influence on the Q-factor, in the intrinsic regime, by including a trapezoidal metal coated cantilever (Figs. 4 and 5). We have removed mass from the surface of the device using the FIB as it is shown in the inset of Fig. 5 . The change in the frequency of the cantilever after mass removal was corresponding to %2% of the total mass (see Fig. 6 ). Nonetheless, the Q-factor vs. P graph in Fig. 5 showed the same negligible change of the Q int within the standard error of the measurement similar to the type-(1) and type-(2) modified cantilevers. However, for type-(3) surface modification, even though the removed mass was not larger than %4% of the total mass, the increase in the Q-factor is clearly observable and it is $50% larger for both A and B cantilevers in Fig. 2 .
Although previous studies have shown that clamping losses as the dominant loss mechanism for the intrinsic regime, 32 our Q-factor measurements of samples A and B with type-(1) and type-(2) surface modifications have not shown any distinct behavior for the Q-factor due to differences of the cross section areas of the clamping part. Note that clamping losses are known to be directly correlated to the cross-section area of the clamping part. 23 Accordingly, if we assume surface losses as the only cause of energy dissipation, then the calculated values of the product dE sl (see Table  I ) characterizing the Q Surface , by subtracting Q clamp and Q TED from the Q int and then using Eq. (4), shows the decrease in the surface energy.
One might also expect the cause for the increase of Q int for type-(3) surface modification to be the result of a change in the physical properties of the cantilevers due to FIB patterning leading to drastic changes of the structure of the cantilevers. For this purpose, we compared by the spring constant measurements before and after surface modification. Indeed, k eff is a physical property, which depends on the elastic modulus (E) and the cantilever dimensions. Calculations of both thermoelastic dissipation 12 and clamping losses 23 require knowledge of E of the resonating FIG. 4 . Energy Dissipation vs. pressure P for cantilever types A and B with dimensions given in Figs. 1. (a) -(c) Q À1 -Q int À1 vs. P plots for cantilever types A and B with dimensions given in Fig. 1 . The blue lines indicate the scaling behavior in the molecular regime with c ¼ 1 and in the continuum regime with c ¼ 0.5 (as indicated with arrows in Figs. (a)-(c) ). The red lines to illustrate the actual Q $ P Àc scaling; in the molecular regime c ¼ 0.75 (as indicated in Fig.  (c) for Type-3 modification) and the continuum regime c ¼ 0.3. (Figs. (a)-(c) ).
FIG. 3. Q-factor vs. pressure P for cantilever types A in Fig. 1 . The corresponding surface modification (2) is illustrated in the insets. The index ''m'' denotes the modified cantilevers as shown in Fig. 1 . The red fitting lines illustrate the 1/P scaling behavior in the molecular regime and Q $ 1=P 0:5 scaling behavior in the continuum regime. Blue lines illustrate the Q $ 1=P 0:3 scaling. medium. For this reason besides the Q-factor, an accurate measurement of the cantilever spring constant k eff is essential for a meaningful calibration of the resonator as a sensor. In fact, it is possible to acquire by the Thermal tuning method the value of k eff and the resonance frequency f 0 ð¼ x 0 =2pÞ with an accuracy down to $10% and $1%, respectively. 33 In fact, as Table I indicates, there is no significant discrepancy between the k eff of the non-modified and modified cantilevers. Consequently, for the type-(3) surface modification, the $50% increase of the intrinsic Q int factor can be related to the relaxation of surface residual stress by the creation of small micrometer size gold patches or by surface strain induced change in the curvature of the cantilever. Other possible factors, such as relaxation of defects under oscillating strain and Ga þ ions induced defect states, are expected to affect all of the modified cantilevers regardless of the directionality of the gold surface modification. Therefore, they can be excluded as possible reasons contributing to dissipation mechanisms.
In addition, one of the main reasons that also inspired the patterning of the resonator surfaces with anisotropic corrugations (grooves) in various plane directions was to observe possible differences in the scaling behavior of Q-factor vs. P for both the molecular and continuum regimes from what is known in the literature (Figs. 4(a)-4(c) ). Indeed, from literature, it is expected the known scaling behavior, Q $ P Àc where the scaling exponent c is "À1" and "À0.5" for the molecular and the continuum regime, respectively. 19, 33 The Q $ P À1 scaling predicted by Eq. (5) is almost confirmed for both non-modified and modified cantilevers of type-(1) and type-(2) for both samples A and B (Figs. 4(a) and 4(b) ). As a matter of fact no change is observed from the known scaling characteristics of type-(1) and type-(2) surface modifications in any of the gas rarefaction regimes (see Figs. 2(a) and 4(a)). For the type-(3) surface modification some slight variation of the scaling behavior was observed for the modified cantilevers ( Fig.  4(c) ). The average energy dissipated by considering the shear stress on cantilever surface is evidently altered by the increased number of patch edges on the surface leading to increased energy dissipation (Q $ P À0:75 , Fig. 4(c) ).
As it can be observed in Figs. 4(a) -4(c), the transition to the continuum regime is not sensitive to surface structure modifications, and the Q-factor values of the modified cantilever converge to similar values as the non-modified cantilevers. In contrast with the molecular regime, in the continuum regime, we observed a significant deviation in the scaling behavior of the Q-factor as a function of pressure from the P À0:5 . We have demonstrated this deviation with the linear fits in Figs. 4(a)-4(c). As it is shown in Figs. 4(a)-4(c) the scaling follows the behavior with c % 0:3 for both modified and non-modified cantilever surfaces. This scaling behavior has also been reported in Refs. 19 and 30, and it can be explained as follows. The power law behavior of the dimensionless hydrodynamic function (KðReÞ) in Eq. (6) 
From Eq. (8), it is evident the scaling behavior Q $ P À0:3 observed experimentally during our measurements. Moreover, it is also possible to calculate Q-factor for any cantilever with similar plane surfaces by simple spring constant measurement 33 with the assumption of hydrodynamic Q-factor vs. P of 50 nm PCM coated cantilever before (black squares) and after FIB milling (green squares) as depicted in the SEM image in the inset (the FIB milled part of the cantilever surface is dark colored and the remaining part is falsely colored in green). The red and the blue solid fitting lines show the negligible difference of the Q-factor in the intrinsic regime between the modified and non-modified cantilevers.
loading being the dominant loss mechanism in the continuum regime and using Eq. (8). 30, 34 Finally, we have to stress that besides the enhanced hydrodynamic damping in the continuum regime, the resonators undergo also changes in their effective mass due to mass loading resulting in significant frequency shifts. The scaling Q $ P À0.5 was also observed in Ref. 25 and it was explained as a result of mass loading. Here, however, despite the drastic alterations of the surface structure, the change in surface area was less than 1% of the total surface area. The latter could be the reason why we did not observe a measurable difference neither in the Q-factors (Figs. 2(a) and 2(b)) nor in the frequency shifts due to viscous loading between the modified and non-modified resonators. The surface area values calculated from the fittings of Eq. (5) and (6) are comparable to the geometric area values S Total as it can be seen in Table III , while deviations for some values of S Total;1 appear to occur. This can be partly understood from the fact that the effective resonating surface area can differ from the geometric one, but further investigations are still necessary to understand the precise nature of these deviations.
V. CONCLUSIONS
We have demonstrated a different approach to quality factor engineering by patterning the metal coating of commercially available microcantilevers. Our work shows that surface engineering gives promising results, as the intrinsic quality factors could be increased even up to 50% depending surface patterning during vacuum operations. In the molecular regime, the quality factor decays with increasing pressure P as Q $ 1/P, while some deviations from this scaling might take place depending on the surface modification. However, in the continuum regime, comparing modified and nonmodified cantilevers, the Q-factors become less sensitive to surface modifications. In the continuum regime, a semiempirical formulation for Q-factor with scaling c % 0.3 instead of c ¼ 0.5 was given to explain also the obtained scaling exponents from the measured Q data vs. P. Finally, the obtained surface areas of the cantilevers indicate that the effective resonating surface area can differ from the geometric one, but further studies are necessary in this direction. 
